Universal SSU rRNA primers allow comprehensive quantitative profiling of 15 natural communities by simultaneously amplifying templates from Bacteria, Archaea, 16 and Eukaryota in a single PCR reaction. Despite the potential to show all rRNA gene 17 relative gene abundances, they are rarely used due to concerns about length bias 18 against 18S amplicons and bioinformatic challenges converting mixed 16S/18S 19 sequences into amplicon sequence variants. We thus developed 16S and 18S rRNA 20 mock communities and a bioinformatic pipeline to validate this three-domain approach. 21
was chosen, and we did not observe any sequences without an exact match to the 139 known reference sequences. DADA2, however, produced up to 0.5 % of reads that did 140 not perfectly match the mock communities, though it performed slightly better when 141 concatenating reads after denoising (0.3 % of reads did not perfectly match in silico 142 sequences). By blasting these reads against in silico sequences, we found that these 143 reads could be accounted for by sample bleed-through or contamination as they had 144 more than 1-mismatch to the in silico sequences, which were less likely produced by 145 PCR/sequencing errors. Although deblur never produced such putative erroneous ASVs, 146 it removed a large fraction of reads (~75%) compared with DADA2 (~25%), yielding 147 fewer observations in the final ASV table (Table 1 ). According to the three criteria 148 defined above, denoiser performance was relatively consistent among runs at a trim 149 length for the reverse read of 200 bp. Therefore, this length was used for the rest of the 150
analysis. 151 152

Comparison of 16S and 18S universal primers (515Y/926R) and eukaryote-153
specific primers (V4F/V4R and V4F/V4RB) with 18S mock communities 154 Our 18S mock communities are mixtures of a number of nearly full-length 18S 155 rRNA genes with known concentrations, and were designed to represent the major 156 eukaryotic groups found in marine environments, including Haptophyta, Dinophyta, 157
Ochrophyta, Ciliophora, Cercozoa, Radiolaria, and Metazoa. Among them, Prymnesiales 158 (Haptophyta) has a single mismatch to the reverse primer V4R (at the 3' end), and three 159 Dinophyta species (Lingulodinium, Dino-Group-II_b, and Gymnodinium) have a single 160 mismatch to the reverse primer 926R. As the abundances of taxa in mock communities 161 are known a priori, they can be used to test which primer set and denoising algorithm 162 recover the community composition most closely to what is expected (Fig. 2) .
For 18S even mock communities, V4F/V4R underestimated Prymnesiales 164 (Haptophyta) by ~4-fold, presumably because of a single nucleotide mismatch on the 3' 165 end of the reverse primers ( Fig. 2a) (Stoeck et al., 2010) . On the other hand, the 166 V4F/V4RB primers that do not have any mismatches overestimated Prymnesiales 167 (Haptophyta) by ~4-fold (Fig. 2b) (Balzano et al., 2015) while the 515Y/926R primers 168 produced a community composition similar to that expected (Fig. 2c) . The patterns 169 were consistent among denoising pipelines (Fig. 2) . 170
For 18S staggered mock communities, similar results were found. V4F/V4R 171 underestimated Prymnesiales (Haptophyta) by ~5-fold (Fig. 3a) , and V4F/V4RB 172 overestimated Prymnesiales (Haptophyta) by ~3-fold (Fig. 3b) . 515Y/926R 173 underestimated three Dinophyta species (with single primer mismatches) to varying 174 degrees (Lingulodinium, ~8-fold; Dino-Group-II_b, ~3-fold; Gymnodinium, ~4-fold) 175 (Fig. 3c) . However, there was no relationship between degree of underestimation and 176 locations of primer mismatch (Lingulodinium, -11 bases from the 3' end; Dino-Group-177
II_b, -12 bases from the 3' end; Gymnodinium, -2 bases from the 3' end). The patterns 178 were consistent among denoising pipelines (Fig. 3) . Overall, the observed mock 179 community composition was more similar to the expected with 515Y/926R 180 (slope=0.88, r 2 =0.76), especially after removing three mismatched Dinophyta species 181 (slope=0.97, r 2 =0.97), followed by V4F/V4RB (slope=0.79, r 2 =0.87) and V4F/V4R 182 (slope=0.67, r 2 =0.65) (Fig. 4) . 183
184
Estimation of PCR and sequencing bias against 18S reads in mixed mock 185 communities 186
To test for length-based PCR bias against 18S reads, 18S mock communities were 187 mixed with 16S mock communities in equimolar amounts prior to PCR amplification. 188 The mixed mock communities were then PCR amplified, products analyzed on a Agilent 189 2100 Bioanalyzer, and then sequenced (Fig. 1) (maximum of 2% reads), mainly dominated by copepods Maxillopoda (Fig. 7a) , they 215 were separately analyzed in the community composition of 18S reads (Fig. 7b ). 18S 216 reads were dominated by Dinophyceae, Spirotrichea, Syndiniales, Ciliophora, 217
Mamiellophyceae, MAST, Bacillariophyta, RAD-B, Prymnesiophyceae, and Polycystinea 218 (Fig. 7b) . For plastidal 16S reads, phytoplankton communities were dominated by 219 Prymnesiophyceae, Mamiellophyceae, Pelagophyceae, Dictyochophyceae, 220
Bacillariophyta, Cryptophyceae, Chrysophyceae-Synurophyceae, Raphidophyceae, 221
Prasinophyceae, Bolidophyceae, and Chrysophyceae ( This study shows that the 3-domain universal primer (515Y/926R) can resolve 231 community composition quantitatively for 16S and 18S rRNA in a single PCR reaction, 232 with biases we could quantify and manage. We were able to investigate the biases 233 relevant to the use of these primers in a natural setting through the use of 18S mock 234 communities first applied here, separately and in concert with 16S mocks. 235
Unlike 16S rRNA sequencing, 18S rRNA sequencing using 515Y/926R is 236 bioinformatically challenging because the amplicon is too long (~575-595 bp) for 237 forward and reverse reads to overlap with current Illumina sequencing capacities. A 238 simplified solution in such a situation might be to use forward reads only instead of 239 merged paired-end reads, because the quality of reverse reads is generally worse than 240 forward reads, and errors near the 3' end cannot be corrected without overlapping 241 paired-end reads. However, using only forward reads sacrifices phylogenetic resolution. 242
Therefore, acquiring paired-end information without producing extra artifacts becomes 243 critical for 18S rRNA processing. To do so, we developed a bioinformatic workflow 244 which allowed us to split mixed 16S/18S amplicons into two sequence pools by 245 mapping reads to a curated 16S/18S reference database derived from SILVA and PR2. 246
The workflow was validated with mixed mock communities, showing that the in silico 247 sorting step is able to successfully separate 16S and 18S mocks apart without changing 248 their composition. We analyzed 18S mock communities by trimming reads to fixed 249 lengths before denoising. In this way, we not only removed error bases but also kept 250 18S ASVs comparable between runs. Our analysis showed that we were able to recover 251 18S mock communities as expected even when the trim length of reverse reads was 252 reduced to 100 bp, implying that this analytical strategy can be used even for poor-253 quality sequences (as we sometimes see). 254
While analyzing the quantitative recovery of our mock communities and 255 comparing 515Y/926R with other commonly-used 18S specific primers, we found a 3-8 256 fold underestimation when there was an internal primer mismatch, as was the case with 257 three Dinophyta included in our 18S mock community with mismatches to the reverse 258 For sequences that matched the primers exactly, we found that the 515Y/926R 269 primers quantitatively recovered the mock communities abundances for both 16S and 270 18S mocks (r 2 = 0.97 for staggered mocks, observed vs. expected, Fig 3 and 4) , 271
indicating little preferential amplification of taxa that perfectly match primers. 272
However, this did not apply to V4F/V4RB -although these primers perfectly matched all 273 the clone members in the mock communities, they overestimated haptophytes by 3-4 274
fold. This discrepancy between results probably relates to methodological differences. 275 V4RB has a considerably lower annealing temperature than V4F and a 2-step PCR is 276 were quantified using a bioanalyzer to evaluate PCR bias, and the number of recovered 291 sequence reads were similarly counted (after splitting into 16S/18S pools in the 292 bioinformatic pipeline) to determine the cumulative bias (both PCR and sequencing 293 biases). We found very little PCR bias in even mocks that had no mismatches to the 294 primers. As expected, the biases were 1.5-3-fold higher when samples included 18S 295 staggered mock communities which contain three Dinophyta species that have one 296 mismatch to the reverse primer. Moreover, a 2-fold sequencing bias (in addition to the 297 aforementioned PCR biases) occurred in all combinations of mock community types. 298
That suggests sequencing bias due to length differences is a consistent property of the 299 Illumina sequencing platform, yet PCR bias due to primer mismatches is much less 300 predictable. Thus, an evaluation of primer coverage across three domains, in actual field 301 samples, may help better account for the PCR bias. Parada et al. (2016) found that 302 515Y/926R perfectly matches 86% of eukaryotes, 87.9% of bacteria, and 83.9% of 303 archaea in the SILVA database, but we note that in actual practice the extent of 304 mismatches in field samples depends on the particular taxa present and their 305
proportions. We should also note that our 18S mock communities are very rich in 306 alveolates such as dinoflagellates (3 of 10 in even, 7 of 16 in staggered) that tend to have 307 mismatches to the 515F/926F primers; hence they probably overestimate the biases 308 expected in most field samples. 309
Regarding pipeline recommendations, we found that all three pipelines (qiime2 310 q2-deblur plugin, qiime2 q2-dada2 plugin, and the standalone DADA2 R package) were 311 capable of recovering our mock communities exactly, although we note several 312 potential tradeoffs between the two algorithms we tested (deblur and DADA2) that 313 should be considered. Both DADA2 and Deblur can accurately recover the mocks under 314 most conditions. However, we found DADA2 sometimes generated 1-mismatches to 315 reference sequences when challenged with noisy sequence data (data not shown) or 316 sequencing runs where PCR amplification used inconsistent methodological parameters 317 (e.g. differing PCR cycles or input concentrations). These results reinforce the 318 advisability of running some sort of control to account for PCR errors or run-to-run 319 variability (mocks or duplicate samples spread across runs, see also Yeh et al. (2018)). 320
Although our work shows that DADA2 has the potential to generate false 321 positives, we also note potential drawbacks to deblur. While deblur never produced 1-322 mismatches to the mock reference sequences, it removed a much larger fraction of total 323 input sequences (~75%). This greatly reduces the sequencing yield, meaning that more 324 sequencing is needed for the same coverage. In addition, the deblur algorithm differs and larvaceans, the latter of which are voracious bacterivores. However, since these are 352 relatively large individuals that may be patchily represented in samples, we 353 bioinformatically separated them and recalculated proportions of protists alone (Fig.  354   7b) . 355
Overall, this universal 515Y/926R primer pair is able to simultaneously examine 356 the whole community structure across three domains, and we now have quantified the 357 extent of sequencing biases that can be expected. This will allow us to better estimate 358 cell abundances, biomasses, and overall inventories of all microbial (perhaps even some 359 metazoa) taxa in a sample, and will facilitate improved interpretation of interactions, 360 such as predation, parasitism, and mutualism. Although we now have quantified the 361 biases associated with primer mismatch (e.g. the underestimation of some Dinophyta 362 groups), the extent of underestimation is still unpredictable. Additionally, some protists as follows: an initial hot start step at 95°C for 2 min followed by 25 cycles of 95°C for 30 386 sec, 50°C for 30 sec and 68°C for 4 min. PCR products were then cloned using TOPO TA 387 cloning kit with pCR4-TOPO Vector and One Shot Top 10 competent cells according to 388 the manufacturer's protocols. The cloned PCR products were sequenced using Sanger 389 sequencing. Species identification was confirmed using BLASTn against the nt database. 390 16 clones were chosen to represent the major marine eukaryotic groups, including 391 haptophytes, dinoflagellates, diatoms, ciliates, cercozoa, radiolaria, and copepods. 392
Plasmids were purified using Qiagen plasmid plus 96 miniprep kit and then amplified 393 with Euk-A and Euk-B using the same conditions described above. In the even 18S mock 394 community, 10 clones were mixed with equal molarity. In the staggered 18S mock 395 community, 16 clones were mixed with different concentrations. To mimic natural 396 marine communities consisting of both eukaryotes and prokaryotes, 16S and 18S mock 397 communities were mixed in four combinations (Fig. 1) . Each mixed mock community 398 was pooled with equal molarity after taking lengths into account (the average length of 399 
